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Abstract 

 

We previously showed that the expression of troponin T1 (Tnnt 1) was induced in the 

central nervous system (CNS) of adult mice 30 minutes after treatment with ketamine, a 

glutamate N-methyl-D-aspartic acid (NMDA) receptor antagonist. We hypothesized that 

Tnnt 1 expression may be an early molecular biomarker of stress response in the CNS of 

mice. To further evaluate this hypothesis, we investigated the regional expression of Tnnt 

1 in the mouse brain using RNA in situ hybridization four hours after systemic exposure 

to Interferon-IFN-  and gamma ionizing radiation, both of which have be associated 

with wide ranges of neuropsychiatric complications. Adult B6C3F1 male mice were 

treated with either human IFN- (a single i.p. injection at 1x 105 IU/kg) or whole body 

gamma-radiation (10 cGy or 2 Gy). Patterns of Tnnt 1 transcript expression were 

compared in various CNS regions after IFN-, radiation (current study) and ketamine 

treatments. Tnnt 1 expression was consistently induced in pyramidal neurons of cerebral 

cortex and hippocampus after all treatment regimens including 10 cGy of ionizing 

radiation. Regional expression of Tnnt 1 was induced in Purkinje cells of cerebellum after 

ionizing radiation and ketamine treatment; but not after IFN- treatment. None of the 

three treatments induced Tnnt 1 expression in glial cells. The patterns of Tnnt 1 

expression in pyramidal neurons of cerebral cortex and hippocampus, which are both 

known to play important roles in cognitive function, memory and emotion, suggest that 

the expression of Tnnt 1 may be an early molecular biomarker of induced CNS stress.  

 

        2                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

Introduction 

 

 Neuropsychiatric diseases are often related to stress and stress modifies the onset and 

progression of neuropsychiatric diseases (Garcia-Bueno et al., 2008). Current knowledge 

of stress-induced response in the brain includes regulation of hypothalamic 

paraventricular nucleus, hypothalamic–pituitary–adrenal axis activity and 

oxidative/nitrosative, neuroinflammatory changes (Cerqueira et al., 2008). However, the 

underlying mechanism(s) of stress response in brain are not well understood, nor is it 

known whether diverse stressors act through common “gatekeeper” molecules or 

pathways. 

 

IFN- an anti-viral cytokine (Licinio et al., 1998) is currently used for the treatment of 

certain viral illnesses, cancers, chronic hepatitis C and other conditions (Wichers et al., 

2005; Capuron et al., 2007). There is growing clinical evidence that IFN-  treatment of 

patients with chronic hepatitis or cancer can cause neuropsychiatric complications (Kraus 

et al., 2005; Wichers et al., 2005; Capuron et al., 2007). Debien and colleagues (2001) 

showed that more than 30% of patients treated by IFN-  presented various psychiatric 

disorders including depression, anxiety, intense and fluctuating personality disorders, 

manic or psychotic symptoms, and suicidal tendencies. Others have described declines in 

concentration, attention, memory and episodic dizzy spells and headaches (Kraus et al., 

2005). Yet, the target cells of systemic IFN- treatment on the neurological and 

psychiatric effects remain undefined.  

 

There are also growing concerns regarding the cognitive sequelae of whole-brain 

irradiation for cancer patients (Shi et al., 2006). Gamma-radiation can induce cell death in 

fetal rat brain (Borovitskaya et al., 1996). Achanta et al., (2007) reported that whole-brain 

irradiation induced gene expression changes in rodent hippocampus involving pathways 

important for learning, memory and apoptosis. A study conducted in our laboratory (Yin 

et al., 2003) demonstrated that whole-body radiation treatment at 10 cGy and 2 Gy 

modulated the transcript expression of genes in adult mouse brain. The radiation 

exposure modulated genes related to stress response, cell-cycle control and DNA 
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synthesis/repair. Further bioinformatics analyses demonstrated that low-dose radiation (at 

10 cGy whole body) affected nine neural signaling pathways, which are also affected in 

human aging brain and Alzheimer’s disease patients (Lowe et al., 2009). 

 

Clinical treatment with glutamate N-methyl-D-aspartic acid (NMDA) receptor 

antagonists such as ketamine, have been found to induce a broad range of cognitive 

adverse effects and symptoms that resemble various aspects of neuropsychiatric diseases 

(Krystal et al., 1994). We have previously demonstrated that Tnnt 1 was dramatically 

induced in the brain of adult mice 30 minutes after treatment with a single intraperitoneal 

(i.p.) injection of 80 mg/kg ketamine (Lowe et al., 2007). Through bioinformatics 

analysis, Tnnt 1 gene was found to be directly regulated by FoxO1, a transcription factor 

involved in multiple metabolic pathways including glycolysis, lipogenic and sterol 

synthentic pathways (Zhang et al., 2006) and central energy homeostasis (Kim et al., 

2006). Tnnt 1 is also indirectly regulated by dexamethasone, a known stress marker and a 

key hormone in energy homeostasis (Wu et al., 2004). Khodarev et al., (2001) showed 

that modulation of cytoskeleton genes including troponin T1 was induced by irradiation 

at dose of 1, 3 or 10 Gy in a human malignant gliomas cell line. In addition, PAK3, a 

GTPase-dependent kinase involved in multiple signaling pathways including axonal 

guidance signaling, directly interacts with the troponin T complex (Buscemi et al., 2002). 

These lines of evidence indicated that the function of Tnnt 1 is associated with diverse 

cellular processes beyond its role in regulating striated muscle contraction.  

 

In vertebrates, troponin T complex includes three troponin T (Tnnt) genes that have 

evolved for the regulation of striated muscle contraction: slow skeleton TnT (sTnT; Tnnt 

1), cardiac TnT (cTnT; Tnnt 2), and fast skeleton TnT (fTnT; Tnnt 3) (Wang et al., 

2001). However, troponin T is also expressed in non-muscle tissues including prostate 

cancer cells (Ashida et al., 2004), pancreatic cancer cell lines (Basso et al., 2004), a 

variety of mammalian cell lines (fibroblasts, foreskin fibroblasts, PtK1 cells, CHO cells 

and HeLa cells) (Lim et al., 1986), embryonic and neonatal rat brain stems (De Vitry et 

al., 1994) and in the brain (Fine et al., 1973; Mahendran and Berl, 1977; Lim et al., 1986; 

Lowe et al., 2007). Thus, it has been speculated that troponin T may function in cellular 
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processes other than muscle contraction (Lim et al., 1986). However, its role and function 

in non-muscle tissues remains unresolved.   

 

We hypothesized that induced Tnnt 1 expression in the brain may be associated with 

early molecular responses to induced CNS stress. To test this hypothesis, we investigated 

the effects of systemic exposure to two stressors, IFN- and ionizing radiation, on Tnnt 

1 expression in mouse brain tissues. The aims of this study were to determine whether (a) 

the expression of Tnnt 1 was induced in CNS of mice by IFN-  or ionizing radiation, 

both of which are known to induce neuropsychiatric symptoms; (b) there were similar 

expression patterns compared to those induced by ketamine and (c) there were tissue and 

cellular-specific expression patterns.  Our results showed at the first time, that the all 

three exposures induced the CNS expression of Tnnt 1 and suggest that Tnnt 1 may have 

a role as a common molecular biomarker of CNS stress. 
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 Materials and Methods 

 

Animals and treatment 

B6C3F1 male mice were purchased from Harlan Sprague Dawley (Indianapolis, IN). The 

use of animals in the study was approved by the Lawrence Livermore National 

Laboratory IACUC.  

 

Interferon- treatment 

Eight to eleven-week-old male B6C3F1 mice were treated with 0.5 mL of either distilled 

water (n = 4) as controls or human recombinant interferon- (Sigma-Aldrich, USA) at 

1x 105 IU/kg diluted in distilled water (n = 4), via a single intraperitoneal (i.p.) injection. 

The dose of IFN-  at 1x 105 IU/kg, which is within the range of treatment doses in 

murine(Makino et al., 2000; Yamano et al., 2000), reportedly induced the serotonin 

transport mRNA at 3 hours post treatment in vitro (Morikawa et al., 1998). The mice 

were deeply anaesthetized by Aerrane (isoflurane) inhalant at four hour post-treatment 

and brain tissues were fixed by cardiac perfusion with 4% paraformaldehyde (Kim et al., 

2000). 

 

Gamma radiation treatment 

Eight to ten-week-old male B6C3F1 mice (one per dose) were exposed to whole-body 

irradiation at either 10 cGy or 2 Gy gamma-radiation using a 137Cs source with 5X 

attenuation at a dose-rate of 0.64 Gy min-1. One mouse was sham-irradiated as control. 

The dose of 10 cGy is roughly equivalent to 20 cranial serial computed tomography (CT) 

scans (Nickoloff and Alderson, 2001), while 2 Gy is the most commonly used daily dose 

in radiation therapy (Yin et al., 2003; Brenner and Hall, 2007). Mice were euthanized 

with CO2 at four hour post-treatment. Brains were surgically removed and frozen on dry 

ice, then fixed with 4% paraformaldehyde. 

 

RNA in situ hybridization 

Brain tissue sections from eleven mice (8 for INF- and 3 for radiation treatment), in 

sagittal and coronal planes, were isolated, fixed overnight, and paraffin embedded. Serial 
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sections were cut at 5 m thickness. An antisense riboprobe was generated as described 

by Lowe et al.,(2007). Briefly, the transcribed region of mouse Tnnt 1 (GeneBank AJ 

131711) was amplified using PCR with a pair of forward (5’-

GAAGCGCATGGAGAAAGACT-3’) and reverse (3’- 

TGCGGTCTTTTAGTGCAATG-5’) primers.  The initial PCR product was further 

amplified with the same forward primer and T7-tag reverse primer (3’-

TAATACGACTCACTATAGGG TGCGGTCTTTTAGTGCAATG-5’). The second 

PCR product was purified with phenol/chloroform and washed with TE on a microson-

100 (Amicon, http://www.millipore.com) and concentrated to 1 µg/ul. One µg of 

template DNA was used to generate the antisense RNA probe using in vitro transcription 

with T7 polymerase and biotinylated UTP (Roche, Biotin RNA labeling kit, CA). Three 

paraffin embedded slides per mouse were concurrently hybridized for each treatment 

group. One slide was hybridized without antisense Tnnt 1 probe as a negative control for 

the hybridization procedure. Hybridizations were performed at 37C over night in a 

humidified chamber according to the standard protocol (DAKO, Carpinteria, CA). 

Antibiotin antibody at 1:100 dilution was used as a primary antibody and was incubated 

with the sections at room temperature for one hour. Antimouse Broadspectrum antibody 

conjugated with HRP without the dilution (Zymed, San Francisco, CA) was used as a 

secondary antibody and was incubated with the sections at room temperature for 15 

minutes. AEC substrate was used for color development and hematoxylin was used for 

counterstaining. The duration of color developing was identical for every slide that was 

hybridized concurrently.  

 

Image acquisition and analysis 

Three replicate slides per mouse were analyzed under the microscope, and the two with 

most consistent signal patterns, were digitally scanned for data analysis (Aperio Images, 

https://www.aperio.com).  One control mouse (C4) showed high levels of Tnnt 1 

expression in all regions of the brain, which was confirmed by repeated hybridization 

(data not shown). Thus, it was considered an outlier and excluded from further analysis. 

The scanned images without further modification or enhancement were then manually 

analyzed on the computer or on high resolution printed images. The entire image was 
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reviewed. The cytoplasmic staining of Tnnt 1 was visually classified into four categories: 

“negative” (no signal at all) and “positive” (if any signals) in control mice; “induced” and 

“not induced” (with respect to the controls) in treated mice. Specific regions and cells 

were compared between controls and treated animals within each treatment and 

compared among three different treatments: IFN-  and radiation (current study) or 

ketamine (Lowe et al., 2007). 

 

Validation of RNA expression  

Brain tissue sections from mice treated with ketamine at 80mg/kg and concurrent controls 

(Lowe et al., 2007) were examined for protein expression of Tnnt 1. Ketamine was 

injected via i.p. (Lowe et al., 2007) because most injectable anesthetics, such as ketamine 

are easy to administer by the i.p. route in mice. Injectable anesthetics can be administered 

i.p., s.c., i.m. or i.v, which are all acceptable, according to a Laboratory Mouse manual 

book (Hedrich and Bullock, 2004). Fluorescence immunohistochemistry staining was 

used according to manufactory protocol (DAKO, Carpinteria, CA). Briefly, goat anti-

mouse troponin T1 (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) at 1:50 dilution was 

used as primary antibody and was incubated with sections at 40C over night. Rabbit anti-

goat AlexaFluor 594 (Invitrogen Corp, USA) at 1:300 dilution was used as secondary 

antibody and was incubated with sections at room temperature for 45 minutes. 4,6-

diamidino-2-phenylindole (DAPI) was used for the nuclei counterstaining. Florescence 

images were obtained as described previously by (Lowe et al., 2001). 
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Results 

 

Two groups of adult male mice were treated with either single i.p. injection of IFN-or 

whole-body radiation. Various brain sections of mice were tested for the expression of 

Tnnt 1 using RNA in situ hybridization at four hours post treatment. Expression of Tnnt 1 

was significantly induced in various CNS regions of mice treated with IFN- and in 

mice treated with irradiation when compared with concurrent sham exposed controls. 

 

CNS expression of troponin T1 was induced after IFN- treatment 

Tnnt 1 RNA probe labeled with biotin was hybridized to brain tissue sections prepared 

from mice (eight total) treated with IFN- or distilled water (as control). The control 

mice showed unique regional expression patterns for the Tnnt 1 gene (Table 1): i.e., 

positive expression in the choroid plexus epithelium cells, ependymal lining of ventricles, 

and in the Ammon’s horn of hippocampus region (Fig. 1, far right panel of 3rd row) and 

no detectable expression (negative) in pyramidal neurons and other regions. These 

findings are consistent with our previously reported baseline expression of Tnnt 1 in 

untreated mice (Lowe et al., 2007). 

 

IFN- treatment induced the expression of Tnnt 1 above baseline level (Fig. 1, top two 

rows) in Ammon’s horn region (CA1 – CA3 represent the region of Ammon’s horn), and 

in the dentate gyrus (DG) region (far left panels of bottom two rows) of hippocampus. 

The expression of Tnnt 1 was also induced in pyramidal neurons of the cerebral cortex 

and confined to cytoplasm of pyramidal neurons (3rd column of bottom two rows). The 

signals detected in the choroid plexus epithelium cells of IFN--treated mice were much 

stronger than those of the control mice (Fig. 1, far right panels of bottom two rows). 

However, little expression of Tnnt 1 was induced in the Purkinje cells of the cerebellum 

(Fig. 1, 2nd columns of bottom two rows). In comparison, the expression of Tnnt 1 was 

not induced in glial cells of cerebral cortex by IFN- treatment. 

 

Whole body radiation induced the expression of troponin T1 in adult mouse brain  
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The expression patterns of Tnnt 1 in the control mouse (Fig. 2, far right panel of the top 

row) were consistent with those found in the controls of IFN- treatment group (current 

study) and the controls of ketamine exposure group (Lowe et al., 2007). Both low dose 

(10 cGy) and high dose (2 Gy) radiation exposures significantly induced the expression 

of Tnnt 1 in hippocampus (Fig. 2, 1st column), Purkinje cells of the cerebellum (Fig. 2, 

2nd column) and pyramidal neurons of the cerebral cortex (Fig. 2, 3rd column) when 

compared with those of sham-radiated (0 Gy) mouse (Fig. 2, top row). As for IFN-, the 

signals detected in the choroid plexus epithelium cells of irradiated mice were much 

stronger than those of the control (Fig. 2, far right panel of the middle row). The 

intensities of induced Tnnt 1 expression were similar in all regions for both radiation 

doses (Fig. 2, 2nd and 3rd rows). In addition, the expression of Tnnt 1 was significantly 

induced in Ammon’s horn (CA1-CA3) and DG regions of hippocampus at comparable 

levels, as illustrated by the similar intensity of signals in both regions (Fig. 2 first 

column; Fig. 3, first two columns of 3rd row). As for IFN-, radiation treatment did not 

induce the expression of Tnnt 1 in glial cells of cerebral cortex. 

 

Comparison of induced expression patterns of Tnnt 1 in adult mouse brain  

Patterns of Tnnt 1 expression induced by ketamine (Lowe et al., 2007), IFN- and 

radiation (current study) are compared in Table 1. The expression of Tnnt 1 was 

consistently induced in pyramidal neurons of the cerebral cortex and in hippocampus by 

all three exposures (Table 1, Fig. 3), but not in the glial cells. The cerebellum was 

significantly affected by ketamine, less affected by radiation, and almost not affected by 

IFN- treatment (Fig. 3, 3rd column). The expression of Tnnt 1 in the Purkinje cells of the 

cerebellum was significantly induced by ketamine and irradiation treatment, but not by 

IFN- treatment (Fig. 3, 3rd column). Within the hippocampus region, the expression of 

Tnnt 1 in the dentate gyrus (DG) region was as strong as in the CA1-CA3 region only 

after radiation exposure (Fig. 3, first two columns). The variation of Tnnt 1 expression 

patterns among three treatments may be due to the dose used for each agent in the study. 

 

Validation of RNA expression of Tnnt 1 
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Using fluorescence immunohistochemistry staining, we confirmed that the protein 

expression of Tnnt 1 was induced in mice treated with ketamine (Lowe et al., 2007) in the 

Purkinje cells, pyramidal neurons and in hippocampus region as showed in Fig. 4, A. The 

patterns of protein expression of Tnnt 1 in CNS were consistent with those of RNA 

expression of Tnnt 1 (Lowe et al., 2007; Fig. 4 B) , which validates the induction of Tnnt 

1 expression in CNS of mice treated with ketamine.
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Discussion 

 

Systemic IFN-treatmentand whole-body radiation induced the expression of Tnnt 1 in 

adult mouse brain   

Using RNA in situ hybridization, we demonstrated that the expression of Tnnt 1 was 

consistently induced in pyramidal neurons of cerebral cortex and hippocampus, but not in 

glial cells after IFN-, whole-body radiation, as well as ketamine treatment. IFN- 

apparently had nearly no effect on Purkinje cells of cerebellum, while radiation treatment 

had similar effects in both regions of Ammon’s horn and DG of hippocampus, in contrast 

to IFN-and ketamine. Using fluorescence immunohistochemistry staining, we 

confirmed the expression of Tnnt 1 protein after ketamine treatment. The patterns of 

protein expression of Tnnt 1 in CNS were consistent with those of RNA expression of 

Tnnt 1. 

 

Cognitive impairment and mood disorders are well recognized but poorly understood 

sequelae of IFN-therapy (Valentine and Meyers, 2005). Several authors have 

speculated that the pathophysiologic mechanisms include indirect action via 

hypothalamus through hypothalamic-pituitary-adrenal (HPA) and hypothalamic-thyroid-

adrenal (HTA) axes; via neurotransmitter pathways (serotonin, dopamine or opioid); or 

via cytokine pathways (Licinio et al., 1998; Yamano et al., 2000; Valentine and Meyers, 

2005). IFN-may also cross the blood-brain barrier via circumventricular organs 

(Licinio et al., 1998). Wang et al., (2008) provided evidence that mouse IFN-, 

circulating systemically, can enter the CNS and act in the brain locally through signal 

transducers and activators of transcription (STAT1). The expression of IFN-stimulated 

genes (ISGs) was significantly increased as early as two hours, and peaked around eight 

hours, before returning to basal levels at 24 h post treatment (Wang et al., 2008). Here, 

we reported that systemic IFN-administration induced CNS expression of Tnnt 1, 

which provide novel molecular evidence of IFN-therapy sequelae in central nervous 

system. 
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Therapeutic radiation of the brain is associated with a number of adverse effects, 

including cognitive impairment (Tada et al., 2000). Schatz et al., (2000) showed that 

deficits in processing speed and working memory following cranial radiation therapy 

may underlie declines in IQ. Low doses of irradiation can lead to cognitive dysfunction 

without inducing significant morphological changes (Abayomi, 1996). Such cognitive 

changes are often manifested as deficits in hippocampal-dependent functions of learning, 

memory, and spatial information processing (Mizumatsu et al., 2003). We have shown 

that the expression of troponin T1 was significantly induced by whole-body irradiation at 

doses of 10 cGy or 2 Gy in two sub-regions of the hippocampus: the dentate gyrus (DG) 

and Ammon’s horn, in addition to other regions of the mouse brain (Fig. 2). However, in 

a microarray analysis where the coronal sections of mouse brain were used, Yin et al., 

(2003) did not report the induced-expression of Tnnt 1 by the same radiation treatment 

regimen. The discrepancy between the current study and that of Yin et al., (2003) may be 

related to the tissue sections used in the microarray analysis and resulting in decreased 

sensitivity when the entire coronal section, rather than a specific sub-region, was used by 

Yin et al., (2003).  

 

Comparison of induced Tnnt 1 expression patterns in adult mouse brain 

The expression of Tnnt 1 was induced in pyramidal neurons of the cerebral cortex by all 

three treatments. Pyramidal neurons are abundant in the cerebral cortex of virtually every 

mammal that has ever been studied. They are found primarily in structures that are 

associated with advanced cognitive functions (Spruston, 2008). The properties of 

pyramidal neurons are likely to be crucial for synaptic integration and plasticity 

(Spruston, 2008). It is well known that the cerebral cortex plays a key role in memory, 

attention, perceptual awareness and consciousness (Elston, 2003). Our finding that these 

exogenous insults induced the expressions of Tnnt 1 in pyramidal neurons suggested that 

expression of Tnnt 1 may be a common and early response to CNS stress. 

 

Although the pathogenesis of radiation-induced cognitive injury is unknown, it may 

involve loss of neural precursor cells from the subgranular zone (SGZ) of the 

hippocampal dentate gyrus and alterations in new cell production (neurogenesis) 
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(Mizumatsu et al., 2003). We discovered that whole-body radiation treatment (at dose of 

10 cGy and 2 Gy), significantly induced similar intensities of Tnnt 1 expression in both 

the CA1-CA3 and the dentate gyrus regions of the hippocampus (Fig. 2 and 3), while 

these phenomena were not observed after ketamine or IFN-treatment (Table 1, Fig. 3). 

Our data raises the question of whether radiation-induced Tnnt 1 expression in DG of the 

hippocampus is associated with neurogenesis, which will require further study of 

precursor neural cells after radiation exposure.  In addition, it is known that radiation 

therapy poses the risk of neurotoxicity in clinical setting. However, we do not have data 

to differentiate whether the expression of Tnnt1 induced by 10 cGy and 2 Gy is 

associated with neurotoxicity in current study. Future investigation is indicated to explore 

this relationship. 

 

The neuropsychiatric complications associated with IFN- treatment are well known, but 

the neurobiological correlates of these side effects are undetermined (Licinio et al., 1998; 

Valentine and Meyers, 2005). Pathophysiological changes have been linked to various 

brain regions including cerebral cortex, prefrontal cortex, hippocampus, basal ganglia and 

cerebellum. Thus far, these findings are not consistent in literature (Juengling et al., 2000; 

Capuron et al., 2007; Wang et al., 2008). We found that IFN- induced Tnnt 1 expression 

in cerebral cortex and hippocampus regions in all mice tested. However, IFN- had no 

apparent effect on the expression of Tnnt 1 in Purkinje cells of the cerebellum (Fig. 1 and 

Fig.3), in contrast to the findings with ketamine or irradiation exposures (Table 1). The 

CNS sequelae of IFN- therapy are not significantly associated with movement disorders 

(Valentine and Meyers, 2005), which may underlie our observation of negative induction 

of Tnnt 1 in cerebellum, whose function mainly involves coordination and control of 

voluntary movement (Miall and Reckess, 2002). 

 

The doses of radiation and IFN- used in the current study, as well as that of ketamine 

(Lowe et al., 2007), were within the therapeutic ranges. Slikker et al.,(2007) and Wang 

and Slikker (2008) reported that single subcutaneously injection of ketamine at 40mg/kg 

induced modulation of 18 genes at one hour post treatment. Those genes were 

specifically associated with apoptosis. Hayase et al., (2006) observed that “a single dose 
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of KT (ketamine) caused hyperlocomotion in a low (30 mg/kg, i.p.) dose group, and 

hypolocomotion followed by hyperlocomotion in a high (100 mg/kg, i.p.) dose group” in 

mice.  Xu et al., (2007) reported the optimizing anesthetic dosage of ketamine in murine 

as at 100 mg/kg. Nakki et al., (1996) illustrated that a single dose of 40 mg/kg of 

ketamine was needed to induce HSP70 expression compared with that needed to produce 

microglial activation (80 mg/kg), at 1–5 days post-treatment. HSP70 expression serves to 

protect the neurons from further injury while microglial activation is a marker of neural 

injury (Nakki et al., 1996). Our experiments were performed using a single dose of 80 

mg/kg at 30 min post-treatment (Lowe et al., 2007), which allowed us to detect early and 

common molecular stress response in CNS of mice.  

 

The significance of Tnnt 1 expression in adult mouse brain induced by various insults 

We have presented new evidence here that expression of Tnnt 1 can be induced in CNS 

by systemic treatment of IFN- or whole-body radiation. The common response of CNS 

expression of Tnnt 1 was in pyramidal neurons of cerebral cortex and hippocampus after 

treatment of IFN-and radiation, as well as ketamine (Lowe et al., 2007). These three 

agents are known to be associated with neuropsychiatric complications. The modulation 

of Tnnt 1 expression in brain may be associated with a generalized damage response to 

environmental stress. Our data imply that CNS expression of Tnnt 1 may have a role as 

an early molecular biomarker of CNS stress.  

 

The molecular significance of induced expression of Tnnt 1 in brain tissue in response to 

environmental insults and stress may be related to calcium homeostasis. Troponin T is the 

subunit of troponin complex and interacts with tropomyosin, troponin C, troponin I and 

F-actin. Tnnt 1 is known to have higher Ca2+ affinity as compared with other subunits in 

peripheral tissues (Kischel et al., 2005). There is evidence that calcium homeostasis, 

especially in the context of the central nervous system, may have crucial implications in 

many neuropsychiatric conditions (Yarlagadda, 2002). Mobilization of calcium, both 

extra- and intracellularly, has tremendous implications in the brain because of its 

buffering capacity and its second messenger functions (Yarlagadda, 2002; Eguiagaray et 

al., 2004). It will be interesting to explore whether the up-regulated Tnnt 1 expression is a 
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transient stress response after exogenous insults or portends persistent damage or cascade 

pathways changes that lead to neuropsychiatric diseases observed in the patients treated 

with these agents.  

 

Future studies are warranted to investigate the expression profiles of Tnnt 1 induction by 

various neuropsychiatric associated agents using various expression technologies to 

explore the roles of pathway interactions in the central nervous system, and to further 

characterize the role of Tnnt 1 as a CNS stress marker, and its associated CNS damage 

response functions. 
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Figure legends 

 

Figure 1 

Comparisons of Tnnt 1 expression in the brains of adult mice treated with the IFN- 

(IFN1, IFN2, IFN3, and IFN4) or distilled water (C1, C2, and C3) using RNA in situ 

hybridization.  

Row 1 and 2: (Magnification: 20X). Comparison of Tnnt 1 expression in CA1-CA3 

regions of Ammon’s horn of hippocampus between controls and IFN-treated mice. 

Neg: hybridization without Tnnt 1 RNA probe.  Chpl: choroid plexus. 

Row 3 and 4: (Magnification: 40 X, except 1st column: 10X; 4th column: 20X). 

Comparison of Tnnt 1 expression between controls (C) and IFN-treated mice (IFN) in 

various brain regions. 1st column: hippocampus CA1-CA3 (represent the region of 

Ammon’s horn) and dentate gyrus (DG) regions; 2nd column: cerebellum PC/arrows: 

Purkinje cells of cerebellum; 3rd column: cerebral cortex, open arrows: pyramidal cells; 

4th column: choroid plexus (chpl).  

 

Figure 2 

(Magnification: 1st and 4th column: 20X; 2nd and 3rd column: 40X). 

Comparisons of Tnnt 1 expression in the brains of adult mice treated with whole-body 

radiation at dose of 0 Gy (1st row), 10 cGy (2nd row) and 2 Gy (3rd row) using RNA in 

situ hybridization.  

CA1-CA3 (represent the region of Ammon’s horn) and dentate gyrus (DG) regions; 

PC/arrows: Purkinje cells of cerebellum; Open arrows: pyramidal cells; chpl: choroid 

plexus. Neg: hybridization without Tnnt 1 RNA probe. 

 

Figure 3 

(Magnification: 40 X, except 1st column: 10X). 

Tissue and cell-specific expression patterns of Tnnt 1 after systemic treatments of 

ketamine, IFN-and radiation. 

        22                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

K: ketamine treatment;(Lowe et al., 2007) IFN: IFN-treatment; 10 cGy: radiation 

treatment. DG: dentate gyrus of hippocampus; CA1-CA3: represent the region of 

Ammon’s horn in hippocampus; Close arrows in 3rd column:  Purkinje cells of 

cerebellum; Open arrows in 4th column: pyramidal cells of cerebral cortex. 

 

Figure 4 

(Magnification: 40 X). 

Comaprison RNA and protein expression of Tnnt1 in mouse brain treated with ketamine  

A: Fluorescence immunohistochemistry staining. Fluorescence red cytoplasm staining 

indicated Tnnt 1 protein expression. 

B: RNA in situ hybridization. Brownish cytoplasm staining indicated Tnnt 1 RNA 

expression. 

The indication of arrow’s color: white: Purkinje cells; yellow: pyramidal cells; red: 

hippocampus. 

*data from Lowe et al., (2007). 

        23                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

 
 

Conflict of Interest statement 
 

The authors declare that there are no conflicts of interest. 

 

        24                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

 

        25                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

 

        26                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

 
 

        27                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

 

        28                      12/19/2008 11:52:30 PM 



Lowe et al., 2008 

        29                      12/19/2008 11:52:30 PM 

 




